Semiconductive nanocrystals (NCs) can be self-assembled into ordered superlattices (SLs) to create artificial solids with emerging collective properties. [1][2][3] Computational studies have predicted that properties such as electronic coupling or charge transport are determined not only by the individual NCs but also by the degree of their organization and structure. [4][5][6][7] However, experimental proof for a correlation between structure and charge transport in NC SLs is still pending. Here, we perform X-ray nano-diffraction and apply Angular X-ray Cross-Correlation Analysis (AXCCA) 8-10 to characterize the structures of coupled PbS NC SLs, which are directly correlated with the electronic properties of the same SL microdomains. We find strong evidence for the effect of SL crystallinity on charge transport and reveal anisotropic charge transport in highly ordered monocrystalline hexagonal close-packed PbS NC SLs, caused by the dominant effect of shortest interparticle distance. This implies that transport anisotropy should be a general feature of weakly coupled NC SLs.
As a model system we use oleic acid (OA) capped lead sulfide (PbS) NCs with a diameter of 5.8 ± 0.5 nm (Supplementary Figure S1) , which are self-assembled and functionalized with the organic -system Cu4APc (Cu-4,4',4'',4'''tetraaminophthalocyanine) at the liquid-air interface. 22 This results in long-range ordered and highly conductive SLs. 23, 24 By means of soft-lithographic microcontact printing, 25 we transfer stripes of PbS NC-Cu4APc SLs with a width (W) of roughly 4 µm onto trenches of ~1 µm length (L) between two gold contacts on X-ray transparent Kapton and Si/SiOx substrates (Supplementary Figure S2) . This defines individually addressable microchannels with L ≈ 1 µm, W ≈ 4 µm, and thickness h (Figure 1a-e ). Since this area is comparable to the typical grain size of PbS NC SLs, 10 these microchannels enable transport measurements in single-crystalline PbS SLs.
In Figure 2 , we display the charge transport characteristics of the microchannels as well as its dependence on the thickness of the SL and the probed area. The conductivity σ is calculated as = (G·L)/(W·h) for all individual microchannels from two-point probe conductance (G) measurements (Figure 1e, Figure 2a ). Within the approximately two hundred individual microchannels measured, we observe electric conductivities in a wide range of values (10 -6 -10 -3 S/m) (Figure 2b) . This distribution correlates with the thickness of the SL (Figure 2c) , which also varies by two orders of magnitude over the large number of microchannels analysed here. The correlation is non-linear with a maximum in for thicknesses from 70 to 200 nm.
Using Si/SiOX as substrate, we performed field-effect transistor measurements of the PbS NC-Cu4APc SLs, revealing p-type behaviour, which agrees with our previous study 23 (Supplementary Figure S3) . The microchannels show hole-mobilities up to ~ 10 -4 cm 2 V -1 s -1 .
We tested the effect of domain boundaries within the SL on electric transport on the same substrates measuring the geometry-normalized conductance of PbS NC SLs over large active channel areas of ~10 4 µm 2 (Supplementary Figure S4) . As shown in Figure 2d , electric transport in this case is approximately two orders of magnitude less efficient than within the microchannels of ~4 µm 2 , indicating the advantageous effect of the near singlecrystalline channels present in the latter case (see below).
Further investigations of structural properties of the same microchannels on Kapton substrates using X-ray nano-diffraction in correlation with conductivity measurements are the focus of this study (Figure 1e-f, Supplementary Figure S5) .
We determined the structural details of all microchannels by X-ray nano-diffraction (Methods/ Supplementary Figures S6-S9) . Using a nano-focused X-ray beam, we collected diffraction patterns at different positions in each channel (Figure 1f) . Two typical small-and wide-angle (SAXS and WAXS, respectively) diffraction patterns from representative microchannels, averaged over all positions within these channels, are shown in Figures 3a,g(b,h) . For some of the microchannels we observe several orders of Bragg peaks in SAXS attributed to monocrystalline SLs (Figure 3a) , whereas the rest of the channels demonstrate continuous Debye-Scherrer rings with low intensity modulations corresponding to polycrystalline SLs (Figure 3g) . From the angular-averaged profiles, shown in Figure S13 ). From the peak positions in SAXS, we estimated the unit cell parameters (archp and abcc) for each channel and corresponding nearest-neighbor distances (NND), that are dNN = arhcp for rhcp and dNN = √3/2·abcc for bcc. The averaged NNDs for all rhcp and bcc channels are 7.8 ± 0.4 and 6.9 ± 0.2 nm, respectively.
In WAXS (Figures 3b,h) , we observe parts of three Debye-Scherrer rings corresponding to {111}AL, {200}AL, {220}AL reflections of the PbS atomic lattice (AL). From the single WAXS pattern analysis we found different degrees of angular disorder of NCs:
roughly 24° for rhcp and 16° for bcc channels (Supplementary Figure S9) .
To study the relative orientation of the NCs inside the SL, we applied AXCCA, 9 which is based on the analysis of the cross-correlation functions (CCFs), to the measured scattering data (Methods/ Supplementary Figures S10-S12) . We evaluated the CCFs for the SL and AL peaks for both rhcp and bcc structures. We found that in the rhcp monocrystalline channels Upon correlating the X-ray with the electric transport measurements, we found that microchannels containing the polycrystalline bcc SLs exhibit higher conductivity than monocrystalline rhcp SLs over the entire range of thicknesses (Figure 4a ). This can in part be understood in terms of the shorter NND which exponentially increases the hopping probability (Figure 4b) . 4, 17 The microchannels exhibit strong characteristic Raman signals for Cu4APc (750 cm -1 and 1,050-1,650 cm -1 ) which vanish for probing areas outside the microchannels, verifying the specific functionalization of the NCs with the organic -system (Supplementary Figure S14 ). We used the intensity of the two characteristic Raman bands to compare the relative density of Cu4APc molecules within different SLs. We found that polycrystalline bcc SLs with the smaller NND exhibit generally stronger Raman signals from Cu4APc than monocrystalline rhcp SLs with larger NND (Figure 4c,d, Supplementary Figure S14 ). This means that in monocrystalline rhcp SLs fewer native OA molecules have been exchanged by Cu4APc, resulting in larger interparticle distances, which adversely affects conductivity.
From Figure 4b one can identify several cases of monocrystalline rhcp SLs having conductivities as high as those of polycrystalline bcc SLs ( ~ 10 -4 -10 -3 S/m), although the NND is much larger. We consider this as supporting evidence that the degree of SL crystallinity (poly vs. mono) has a significant effect on the conductivity, which, in the present example, compensates the effect of the much larger interparticle distance.
The SLs with smaller interparticle distance exhibit stronger Raman signals from Cu4APc compared to larger SLs (Supplementary Figure S14) , corroborating a correlation between interparticle distance and ligand exchange. In fact, the smallest lattice parameter of ~6.8 nm in Figure 4b corresponds to an interparticle distance of ~1 nm, which is approximately the length of one Cu4APc molecule or the minimal width of a fully exchanged ligand sphere. In contrast, residual OA leads to greater interparticle distances due to steric interactions of adjacent OA shells, 26 explaining the spread of the NNDs (Figure 4b ,
The occurrence of the two SL types (rhcp and bcc) found here may be related to the previously observed hcp-bcc transition for OA-capped PbS NC SLs upon tailored solvent evaporation. 27 Similarly, our polycrystalline bcc SLs are assembled from PbS NCs dispersed in hexane, whereas hexane-octane mixtures resulted in monocrystalline rhcp SLs. This invokes different solvent evaporation rates, which may lead to distinct SL unit cells. 15, 26 In view of the non-monotonic correlation between conductivity and SL thickness, we note that very thin NC films exhibit holes/microcracks, which are reduced with increasing thickness. 28 In contrast, the conductivity in thick films may be affected by a fringing electric field. The electric field is not homogeneous along the sample normal, and current flows mainly in the bottom layers close to the contacts. However, the conductivity is calculated over the entire channel where the full height is used.
We now turn to the key novelty of this work, the transport anisotropy, that is, the influence of the SL orientation with respect to the electric field on the electric conductivity. Figure S15a) . They differ only in terms of the azimuthal orientation with respect to the applied electric field. We define the azimuthal angle α between the electric field vector E (which is oriented vertically due to horizontal electrode edges) and the nearest-neighbor direction dNN (one of the 〈21 ̅ 1 ̅ 0〉 SL directions pointing to the nearest-neighbors). The angle α can vary from 0° to 30° for the sixfold inplane symmetry. For = 0°, the dNN direction is oriented parallel to the vector of electric field E, whereas for = 30°, the angular (in-plane) offset between the vectors E and dNN is maximized. Our key result is that for any two otherwise comparable channels, we observe higher conductivity for the respective channels with lower angle . The two extremes ( = 0° and = 30°) are shown in the corresponding real space SEM micrographs of the (0001)SL plane of two rhcp SLs in Figure 5b ,e. The difference in conductivity between two otherwise identical SLs is 40-50%. A statistical investigation of other microchannels with monocrystalline rhcp SLs reveals similar -dependent conductivity differences (Supplementary Figure S15 ). This correlation between and indicates anisotropic charge transport, for which the direction of nearest neighbors is assumed to be the most efficient for transport.
In contrast to atomic crystals with transport anisotropy, which exhibit strong electronic coupling and ballistic transport (e.g. black phosphorus), the NC SLs studied here are in the weak coupling regime. This implies temperature-activated hopping as the predominant charge transport mechanism and invokes a strong dependence on the hopping distance. 4, 17 Our results suggest that charge transport is most efficient if the applied electric field is iso-oriented with the nearest-neighbor direction dNN in the SL plane, since this leads to the shortest hopping distance (Figure 5c ). Any other orientation (Figure 5f ) results either in a larger hopping distance (straight arrow) or a deviation from the direction of the electric field together with an increased number of required jumps for electrons to travel the same distance (zig-zag path), which is detrimental to charge transport.
This implies that transport anisotropy should be a general feature of weakly coupled, monocrystalline NC SLs, originating from the dominant effect of the shortest interparticle distance. Accordingly, one could predict the favoured direction of charge transport within different SL types, such as simple cubic, face-centered cubic or body-centered cubic, being the ⟨100⟩, ⟨110⟩ or ⟨111⟩ SL directions, respectively. A similar charge transport anisotropy was computationally predicted for bcc and fcc SLs. 6 Further, we note that the orientational order of the NCs observed here might be an additional source for anisotropic charge transport as different coupling strengths have been predicted along particular AL directions. 5, 6 In the present case, the most efficient transport occurs if the [110]AL direction of all NCs is iso-oriented with the electric field.
A high degree of control provided over the SL type and orientation would enable the exploitation of such transport anisotropy also with more complex NC assemblies (e.g. binary We then performed diffraction mapping of the entire coated area in each channel.
Within this scanning region, diffraction patterns were collected on a raster grid with about 250 nm step size in both directions perpendicular to the incident beam (Figure 1f ). The acquisition time was chosen to be 0.5 s in order to sustain a non-destructive regime of measurements. The chosen geometry allowed detecting the scattering signal from the NC superlattice as well as from the PbS AL simultaneously, but only a part of reciprocal space in WAXS was accessible. A sketch of the experimental scheme is shown in Figure 1f .
Using the nano-focused beam, it was possible to collect 100 to 200 diffraction patterns for each channel at different points within the channel. Integrating the WAXS intensity, we built diffraction maps of the microchannels (Figure S6b) . A gap between two gold electrodes and the PbS NC superlattice across the microchannel are well observed. Noteworthily, the intensity modulation coincides with the AFM map of the same microchannel, shown in Figure 1d .
Averaging all individual diffraction patterns collected for a channel, we were able to study the average structure of the channel. From the azimuthally-averaged radial profiles we extracted the peak positions in SAXS and used them to calculate the superlattice unit cell parameter a. This analysis was performed for all measured channels.
Angular X-ray Cross-Correlation Analysis.
To study relative orientation of the NCs inside the superlattice, we applied an Angular X-ray Cross-Correlation Analysis (AXCCA) approach 8-10 (see Supplementary for details). We calculated two-point cross-correlation functions (CCFs) for all channels, according to
where ̃( , ) = ( , ) − 〈 ( , )〉 and ( , ) is an intensity value taken at the point ( SL , ) which are polar coordinates in the detector plane and 〈⋯ 〉 denotes averaging over all azimuthal angles. In our analysis, momentum transfer values SL correspond to SAXS peaks and AL to WAXS peaks.
We calculated the CCFs for the first SAXS peaks (〈11 ̅ 00〉 SL in the rhcp case (Figure 3d ) and 〈110〉 SL in the bcc case (Figure 3j) ) and the 〈111〉 AL or 〈200〉 AL WAXS peaks. From the peak positions at the CCFs we derived preferred angles between the corresponding SL and AL crystallographic directions. We proposed structural models satisfying the obtained angles. Based on the models, we simulated CCFs for each case (Figure 3e,k) . Good agreement between the experimental and simulated CCFs verifies the proposed models. 
Methods References

Layout of microchannel devices
We developed microchannel devices, where individual electrode pairs with an overlap of 80 µm form channels, which can be addressed individually. Up to 330 channels per device could be realised. By means of microcontact printing, 1,2 we transfer periodic stripes of selfassembled superlattices with widths of 4 µm and a periodicity of 80 µm using prepatterned polydimethylsiloxane (PDMS) stamps. Thus, most of the substrate area remains uncoated.
The microchannels are formed by pairs of overlapping electrodes, which are connected by one perpendicularly printed stripe of PbS-NC superlattice. The electrode thickness was chosen to be ~10 nm in order to avoid breaking of PbS-NC stripes at the edges. Due to the channel geometry, an entirely homogeneous electric field is established within the channel and the direction of the electric field vector is well-known.
Field-effect transistor measurements on microchannels
We conducted field-effect transistor (FET) measurements on microchannels.
Figure S3a
shows a typical transconductance curve, indicating p-type behavior. Using the gradual channel approximation (Equation S1), FET hole mobilities can be calculated, as indicated in Figure S3b . The p-type behavior and hole-mobilities are in line with previous studies. 3 The gradual channel approximation for FET characterisation is given in Equation
Here, SD G is the derivation of ISD in the transconductance curve, VSD the applied source-drain voltage, 0 r and tox the permittivity and the thickness of the dielectric SiOx layer, respectively. While the geometry of our microchannels is not ideal for typical FET measurements, this approach is sufficient for a qualitative comparison of different microchannels. 
Comparison of microchannels and state-of-the-art channels
In conventional state-of-the-art electrode devices, interdigitated electrodes probe areas of approximately 1-20 × 10 4 µm 2 (L ranging from 2.5 µm to 20 µm and W ≤ 1 cm). Typically, different domains are connected by the electrodes after coating (ranging from monolayer to several hundred nm), as exemplarily shown in Figure S4a . We normalized the conductance 
Microchannels on X-ray transparent Kapton devices
A typical Kapton device with 330 microchannels is shown in Figure S5 . 
X-ray nano-diffraction signal detection and sample requirements
We note that acceptable signal-to-noise ratios during X-ray scattering were obtained only for thicker samples (> 100 nm). Figure S6a (Figure 1d ).
SAXS analysis for superlattice structure determination
Analyzing averaged diffraction patterns for all measured channels, we found two groups among them. The first group of channels showed monocrystalline SAXS diffraction patterns (an example is shown in Figure S7a ) and the second one showed Debye-Scherrer rings with relatively low angular intensity modulation in SAXS (Figure S7d) . The monocrystalline patterns are of 6-fold symmetry and contain the Bragg peaks at q1, q2 = √3•q1 and q3 = 2•q1 (see Figure S7c for the radial profile), which can be attributed to a [0001]SLoriented random hexagonal close-packed structure (rhcp) superlattice (see details below). The presence of the Bragg peaks at q1, q2 = √2•q1 and q3 = √3•q1 for the polycrystalline channels (see Figure S7f for the radial profile) is a clear evidence of a bcc superlattice structure. A single diffraction pattern for the polycrystalline channels contains the Bragg peaks from several grains with different orientations (see Figure S7e) , thus the grain size is smaller than the beam size (< 400 × 400 nm 2 ). The obtained q-values were utilized to calculate the nearest-neighbor (center-tocenter) distance between adjacent NCs in channels with both types of lattices. The distances are 6.9 ± 0.2 nm and 7.8 ± 0.4 nm for the poly-and monocrystalline channels, respectively (by fitting with normal distribution, see Figure S8 ). We use nearest-neighbor distances instead of unit-cell sizes in order to allow for a direct comparison between different superlattice types. The interparticle distances are calculated by subtracting the mean NC diameter from the nearest-neighbor distance (NND). Figure S11c) . This lattice has a higher symmetry than the proposed bcc lattice with rotated NCs. Also, the comparably big NND supposes a more sphere-like shape of the NCs covered with organic shell. A thicker shell makes interactions between adjacent NCs more isotropic. It is confirmed by the study of WAXS reflections from the NC ALs, that the angular disorder of NCs is higher for the monocrystalline channels than for the polycrystalline ones (see details below). On an average WAXS pattern of a monocrystalline channel typically only Debye-Scherrer rings are visible (Figure S9a) . In this case, sphere-like particles with anisotropic interactions are likely to form close-packed structures like hcp. Thus, we assume the monocrystalline channels having an hcp structure. However, the close-packed structures are prone to form stacking faults leading to alternation of hcp and fcc structures. In our geometry (scattering along [0001]SL direction), we are not able to reveal fractions of both motifs. Thus, the correct description for the structure would be "random hcp (rhcp) lattice". We used this description throughout the manuscript, using the hcp-like indexing of the Bragg peaks (Figure S7a,b) .
WAXS analysis for NC alignment determination
Analyzing the WAXS patterns from different types of channels, we noticed a drastic difference. The single patterns of the monocrystalline rhcp channels contain continuous Debye-Scherrer rings with low intensity modulations (Figure S9a) , whereas for polycrystalline bcc channels, we found relatively sharp Bragg peaks of PbS atomic lattice (AL) reflections (Figure S9d) . The difference in the intensities between the 111AL and 200AL reflections is caused by different out-of-plane NCs orientations with respect to the incident beam (the substrate). To quantitatively characterize angular disorder, we assumed that WAXS peak broadening is caused by two factors: Scherrer broadening due to the small size of the NCs and orientational disorder of the NCs in sites of the superlattice. The first factor affects both the radial and the azimuthal width of the peaks while the second one influences only the azimuthal width of the peaks. Assuming that these two factors are independent, we can estimate the value of the orientational disorder ΔΦ from the relationship between the radial and azimuthal widths of the peak:
where δaz and δrad are the FWHM values of the peak angular size in the azimuthal and radial directions obtained from a Gaussian and Voigt fitting, respectively.
We analyzed the radial and azimuthal profiles for 111AL and 200AL reflections on a single pattern. Azimuthal profiles are shown in Figure S9b Taken the precision of the method, it is in good agreement with the NC size (~5.8 nm) and superlattice unit cell parameters studied in this work.
Considering the obtained values, the orientational disorder (ΔΦ) of the atomic lattices of NCs is roughly 24° for monocrystalline and 16° for polycrystalline channels. The value for polycrystalline channels is similar to the recently reported ΔΦ for superlattices of oleic acidand tetrathiafulvalene-linked PbS NCs. 5, 6 
Angular X-ray Cross-Correlation Analysis basics
The Angular X-ray Cross-Correlation Analysis (AXCCA) method is widely used for the analysis of disordered or partially ordered systems such as colloids, liquid crystals, polymers etc. It is capable of providing insights into hidden symmetries, such as bondorientational order or partial alignment of particles in the system. This method was also shown to be highly useful to study the angular correlations in mesocrystals. 5, 7 While details and mathematical background on this method can be found elsewhere, 8 here we briefly summarize the main concepts.
AXCCA is based on the analysis of a two-point angular cross-correlation function (CCF) that can be calculated for each diffraction pattern as Taking the values of qSL and qAL indicated in the main text, we studied the correlations between reflections in the WAXS and SAXS areas. To obtain statistically meaningful data, CCFs were averaged over all diffraction patterns for each channel.
The CCF functions were simulated on the basis of the determined real-space structures. The Bragg peaks in both WAXS and SAXS areas were assumed to have Gaussian shapes in the angular direction, and the intensity on the corresponding ring was calculated as follows:
where is the azimuthal angular position of the i-th Bragg peaks in the SAXS/WAXS area, and are the angle between the detector plane and Ewald sphere and the Bragg angle for the considered reflection (used only for WAXS reflections). The angular sizes of the SAXS/WAXS peak δ were chosen to fit the experimental data.
The simulated CCFs were evaluated as ( AL , SL , ∆) = ∫̃( AL , )̃( SL , + ∆) − (S7) and then normalized by the maximum value of all CCFs for each channel.
Angular X-ray Cross-Correlation Analysis results
We calculated the CCFs for the first SAXS peaks (〈11 ̅ 00〉 AL in the rhcp case) and the Figure S11f) . It should be noted, that, as it follows from the WAXS analysis (see Figure S9) , only a part of the NCs is aligned as shown.
However, a bcc superlattice oriented along [111]SL would give the same SAXS pattern. To verify the proposed rhcp structure, we simulated an CCFs for the bcc structure Figure S11g . But the CCFs simulated for this structure do not correspond to the experimentally obtained ones (Figure S11i) . To achieve the observed angular correlation between the superlattice and the NCs, the latter should be rotated by 30º around the [111]AL directions. The resulting structure is shown in Figure S11j . Indeed, such a structure gives the correct CCFs (shown in Figure S11l ), but the assumed rotation breaks the symmetry of the entire structure and implies different NC orientations in the equivalent {111}SL planes. Figure S12d and confirmed by simulations (see Figure S12f ).
In the polycrystalline channels many different orientations are possible, but, according to our analysis, the [110]SL orientation is the primary one. To verify the latter, we simulated CCFs for other typical orientations. Examples for the same structures oriented along [111]SL ( Figure S12g) and [100]SL (Figure S12j ) are shown in Figures S12i,l 
SEM investigation of the PbS NC superlattice types
Figure S13 shows scanning electron microscopy (SEM) micrographs of the different superlattice types, as described in the main text. SEM imaging corroborates the structural properties, revealed by the X-ray nano-diffraction. well as the structure of the superlattices, as deduced from the X-ray nano-diffraction data.
Semi-quantitative Raman-spectroscopy analysis
The superlattices within microchannels exhibit strong characteristic Raman signals for Cu4APc (750 cm -1 and 1,050-1,650 cm -1 ), 9 as displayed in Figure S14a . Probing areas outside the superlattice stripes, these characteristic signals vanish, verifying the specific functionalization of the NCs with the organic π-system (see line scan in Figure S14b ).
Raman-spectroscopy was performed on the corresponding Si/SiOx substrates, as the characteristic polyimide signals of the Kapton devices overlay with those of Cu4APc. (e) Raman-spectrum of a PbS NC stripe with monocrystalline hcp superlattice. The spectrum clearly lacks signal from oleic acid, which is supposed to appear at ~ 2,800 cm -1 .
Qualitative investigation of anisotropic charge transport
Figure S15a displays the graphical approach of identifying monocrystalline channels for which the parameters nearest-neighbor distance NND and thickness h are identical.
Exactly four monocrystalline channels (2 pairs of 2) fulfil those requirements and can directly be compared. We observe higher conductivity σ for the channels with lower angle α.
For monocrystalline superlattices with similar crystalline order and lattice parameter (NND) but varying thickness, we normalize the measured electric conductivities by applying an empirical correction of the thickness dependence, for better comparability. This correction is obtained from fitting the thickness-dependent conductivity data of twenty individual microchannels (Figure S15b-c) . Figure S15b shows the conductivity of microchannels as a function of superlattice thickness. All polycrystalline bcc superlattices exhibit almost identical lattice parameters and structural order. Thus, the difference in conductivity can only be attributed to different superlattice thicknesses. As described in the main text, the influence of h on σ is attributed to a fringing electric field along the height (sample normal), resulting in an inhomogeneous current flow. This effect should be identical for all superlattice types. The red line corresponds to the empirical fit of this conductivity-thickness dependence of polycrystalline channels. Applying this dependency to other microchannels allows us to normalize the conductivity of all channels to their corresponding thickness. This thicknessnormalized conductivity is shown in Figure S15c as a function of nearest-neighbor distance.
Here, monocrystalline rhcp superlattices with the same NND can be directly compared. Figure S15d shows the thickness-normalized conductivity of monocrystalline rhcp microchannels as a function of azimuthal angle α. For the sake of clarity, the conductivity of the respective more conductive superlattice is set to one. As a general result, the superlattices with lower value of α show higher conductivity. This finding strongly supports the hypothesis of anisotropic charge transport, as discussed in the main text. 
Error of azimuthal orientation:
The mean values correspond to the central peak position ( 11 ̅ 00 ), and the error indicates the FWHM of the peak.
